We report here the use of liquid-feed flame spray pyrolysis (LF-FSP) to produce a series of nanopowders along the CoO xAl 2 O 3 tie line. The process is a general aerosol combustion synthesis route to a wide range of lightly agglomerated oxide nanopowders. The materials reported here were produced by aerosolizing ethanol solutions of alumatrane [Al(OCH 2 CH 2 ) 3 N] and a cobalt precursor, made by reacting Co(NO 3 ) 2 . 6H 2 O crystals with propionic acid. The compositions of the as-produced nanopowders were controlled by selecting the appropriate ratios of the precursors. Nine samples with compositions (CoO) y (Al 2 O 3 ) 1Ày , y 5 0À1 along the CoO x -Al 2 O 3 tie line were prepared and studied. The resulting nanopowders were characterized by X-ray fluorescence, BET, scanning electron microscopy , high-resolution transmission electron micrographs, X-ray diffraction (XRD), thermogravimetric analysis (TGA), and FTIR. The powders typically consist of single-crystal particles o40 nm diameter and specific surface areas (SSAs) of 20-60 m 2 /g. XRD studies show a gradual change in powder patterns from d-Al 2 O 3 to Co 3 O 4 . The cobalt aluminate spinel phase is observed at stoichiometries (21 and 37 mol%) not seen in published phase diagrams, likely because LF-FSP processing involves a quench of 410001C in microseconds frequently leading to kinetic rather than thermodynamic products. Likewise, the appearance of Co 3 O 4 rather than CoO as the end member in the tie line is thought to be a consequence of the process conditions. TGA studies combined with diffuse reflectance FTIR spectroscopic studies indicate that both physi-and chemi-sorbed H 2 O are the principal surface species present in the as-processed nanopowders. The only sample that differs is Co 3 O 4 , which has some carbonate species present that are detected and confirmed by a sharp mass loss event at B2501C. The thermal behavior of the high cobalt content samples differs greatly from the low cobalt content samples. The latter behave like most LF-FSPderived nanopowders exhibiting typical 1%-4% mass losses over the 14001C range due mostly to loss of water and some CO 2 . The high cobalt content samples exhibit a sharp mass loss event that can be attributed to the decomposition of Co 3 O 4 to CoO.
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I. Introduction C OBALT oxides are used as catalysts for hydrocracking fuels, 1 in several selected and complete oxidation processes, 2, 3 as well as in steam reforming of ethanol. 4 Co 3 O 4 shows good catalytic activity for the low-temperature combustion of CO and organics. 5 At higher temperatures, the catalyst becomes reducing, converting CO 2 to CO and O 2 without a reducing reagent. 6 Supported cobalt is often a co-catalyst for hydrocracking waste gases and contaminated fluids 7 to innocuous gases including NO x . Traditional de-NO x catalysts usually contain one of several very expensive metals including Pd, Pt, Rh, and Ru. 8, 9 Supported cobalt systems offer considerable potential as low-cost, selective alternatives for catalytic reduction of NO x . [10] [11] [12] Cobalt has also been used since prehistoric times as a component in many pigments, particularly for deep blues. 13, 14 Typical pigments consist of spinel or olivine phases produced from mixtures of cobalt and SiO 2 , ZrO, TiO 2 , or Al 2 O 3 . 15, 16 There continues to be considerable active research on cobalt pigment technology to optimize color hues and luminescent properties. [17] [18] [19] Cobalt pigments are also used in high-end optical filters and magnetic recording media. 20, 21 The literature is replete with synthetic routes to cobalt oxides, and cobalt-containing materials especially for compositions along the CoO x -Al 2 O 3 tie line. The standard method is via a solid-state reaction of the parent oxides. Other synthesis methods include sol-gel, 22, 23 co-precipitation, 24, 25 hydrothermal, 26 polymeric precursor, 27 and vapor deposition processing. 28 We demonstrate here the use of liquid-feed flame spray pyrolysis (LF-FSP) to assess combinatorially compositions along the CoO x -Al 2 O 3 tie line. Spray pyrolysis techniques are well known and have been described extensively in the literature: they have been used to synthesize simple and complex oxide powders. 29, 30 The advantage of LF-FSP over other techniques is that it allows production of up to 15 different compositions in the time span of a single week and hence can be considered a combinatorial method of synthesizing metal oxide nanopowders.
The LF-FSP process as invented and currently used at University of Michigan, 31 aerosolizes mixtures of metalloorganic compounds (metal carboxylates and/or alkoxides) dissolved in alcohol solvents at known concentration levels using oxygen. The resulting aerosol is ignited via methane pilot torches by combusting the mixture at temperatures between 15001 and 20001C. The combustion-derived ''soot'' is collected using wire-in-tube electrostatic precipitators (ESP) as detailed elsewhere. 32 This ''soot'' consists, normally, of single crystal particles with average particle sizes (APSs) of 10-200 nm depending on processing conditions and corresponding specific surface areas (SSAs) of 100-20 m 2 /g. These nanopowders normally have the same composition as that found in the original precursor solution including any inadvertent impurities.
We have previously shown that LF-FSP processing can be used to prepare well-known single metal nanopowders such as alumina ( 3 and N(CH 2 CH 2 OH) 3 as described elsewhere, 40 and then diluted with EtOH to produce B6 L of solution with a ceramic loading of 21 wt% by thermogravimetric analysis (TGA).
Cobalt precursor was prepared by adding 200.0 g (0.687 mole) of Co(NO 3 ) 2 Á 6H 2 O crystals to a 500 mL flask equipped with a still head and an N 2 sparge. CH 3 CH 2 CO 2 H (400 mL, 5.36 moles) was added and the resulting solution was heated to B1501C for 6 h to distill off B140 mL of liquid (water/ CH 3 CH 2 CO 2 H) and coincidentally remove NO x gas. The remaining liquid product was placed in a clean 500 mL Nalgene s bottle. The ceramic loading of the solution was determined by TGA to be 3.3 wt%. We did not further identity this precursor because it is very volatile and coated our TGA instrument, reacting rapidly with any exposed Al 2 O 3 forming a cobalt aluminate spinel.
(3) LF-FSP
The LF-FSP system has been described elsewhere in detail. 41 Ethanol precursor solutions were prepared by diluting the sample precursors to a 2-5 wt% ceramic yield, typically 4 wt%. These solutions are then atomized with O 2 through a nozzle. The fine mist generated is ignited with methane-oxygen pilot torches achieving combustion temperatures 415001C. The products are carried downstream by a radial pressure blower (19.8 m 3 /min), and collected downstream in ESP maintained at a 10 kV DC potential. The nanopowders are finally recovered manually from the ESP tubes after the system has cooled down.
(4) Analytical Methods
Chemical analyses were obtained by X-ray fluorescence (XRF) from Ford Motor Company (Dearborn, MI). XRF samples were prepared by mixing 0.50 g of sample in 10.0 g of Li 2 B 4 O 7 glass flux. The sample and glass flux were mechanically stirred for 5 min in a methacrylate vial with three methacrylate balls using an SPEX 6000 ball mill. The mixtures were fused into glass beads by placing them in an oven held at 10001C for 10 min. The samples were analyzed using a Panalytical PW2400 XRF spectrometer (formerly Philips), equipped with a WDS detection system (wavelength dispersive), by Ford Motor Company personnel.
Surface area analyses were obtained using a Micromeritics ASAP 2010 sorption analyzer (Norcross, GA) for all powders. Samples were loaded (350 mg) and degassed at 3501C until a degas rate of o5 mTorr was achieved, followed by analysis at 77 K with N 2 as the adsorbate gas. The SSAs were calculated using the BET multipoint method. The particles' average diameter was determined by:
where r is the theoretical density of the powders and SSA is the specific surface area. Scanning electron microscopy (SEM) A Philips XL30 SEM (Philips, Eindhoven, the Netherlands) instrument was used to acquire electron micrographs of all samples. The powder samples were first dispersed in 5 mL of DI water using an ultrasonic horn (Vibra-cell, Sonics and Materials Inc., Newton, CT), and next a drop was placed on an SEM sample stub, which was heated on a covered hot plate. The stubs were sputter coated using a Technics Hummer VI sputtering system (Anatech Ltd., Alexandria, VA) to improve resolution.
High-resolution transmission electron micrograph (HR-TEM) images were acquired using a JEOL 4000EX (Osaka, Japan) electron microscope operated at 400 kV. Samples were mounted on a Gatan double-tilt goniometer; they were prepared by dispersing B5 mg in 5 mL of isopropanol. An ultrasonic water bath at room temperature was used for 5 min to create a homogeneous dispersion. A drop of the dispersion was then placed on a holey carbon film on Cu grids, 300 mesh (SPI Industries, Indianapolis, IN), and placed on a covered hot plate to dry.
X-ray diffraction analysis (XRD) was performed on a Rigaku Rotating Anode Goniometer (Rigaku Denki Co. Ltd., Tokyo, Japan). The powder samples were prepared by packing B100 mg into in an amorphous silica holder, which were loaded into the machine. Continuous scans were performed from 201 to 801 2y, in 0.051 increments at 21/min. CuKa radiation (l 5 1.54 Å ) with a working voltage of 40 kV and a current of 100 mA were used to produce the X-rays. Scan data was analyzed to determine APSs and phases present, using Jade software (Materials Data Inc., Livermore, CA).
Thermogravimetric and differential thermal analysis (TGA-DTA) were performed on an SDT 2960 simultaneous DTA-TGA instrument (TA Instruments Inc., New Castle, DE). Samples were prepared by weighing B40 mg of powder and pressing it into a pellet (3.0 mm diameter) using a dual action hand press. The samples were placed in an alumina holder and an empty pan was used as a reference. The instrument was ramped 101C/min up to 14001C under a continuous flow of 60 mL/min of synthetic air.
Diffuse reflectance infrared fourier transform spectrometry (DRIFTS) for all powders was acquired using a Mattson Galaxy Series FTIR 3000 spectrometer (Mattson Instruments Inc., Madison, WI). Background scans of optical grade KBr were performed by grinding B400 mg using an alumina mortar and pestle and then packing the powder into a sample holder, and collecting a spectrum. Samples were prepared by adding 4 mg of sample to 400 mg of KBr and grinding them as the background sample. Spectra were collected continuously in the range of 4000-400 cm À1 with a scan resolution of 74 cm
À1
, with an average of 156 scans. The sample chamber was flushed continuously with N 2 to remove atmospheric CO 2 and moisture.
III. Results and Discussion
We report here the synthesis and characterization of nine nanopowders with compositions along the CoO x -Al 2 O 3 tie line. These materials, produced in a single-step process, offer advantages over more conventionally prepared materials because LF-FSP provides access to phase compositions that are otherwise hard or impossible to attain. This method is extremely versatile, allowing combinatorial alterations of compositions with minimal effort and precise control. Thus, it is possible to produce 40 g samples of 15 different compositions in roughly 5 days or more samples with smaller sample sizes.
All samples exhibit relatively high SSAs, have no microporosity (from T-plot analysis and transmission electron micrographs (TEMs) micrographs), and have spherical morphologies. These and other properties make them excellent candidates for catalytic or pigment applications, both as pure materials and supported on alumina, silica, or other inert oxide support.
A discussion on the formulation of the precursors and nanopowder production follows. We then discuss particle morphology in terms of SSAs, shape and size, and surface species using a variety of characterization methods.
(1) Precursor Formulations Nine different precursor formulations (see Section II and Table  I ) were used to produce nanopowders along the CoO x -Al 2 O 3 tie-line. Precise amounts of [Al(OCH 2 CH 2 ) 3 N] and cobalt precursor solutions were diluted with EtOH and stirred mechanically before use for LF-FSP processing. Solutions used to produce the powders contained 2-4 wt% ceramic in precursor form by TGA, to minimize rheological complications with the LF-FSP process. The compositions produced are listed in Table  I . We produced 40 g samples of all powders at 30-100 g/h rates. XRF was used to obtain elemental analyses of selected samples, and the results showed that the compositions were within experimental error of the precursor compositions. Table II ).
The APS values from peak-broadening technique are lower by B10-20 nm; this is possibly due to a difference in actual versus theoretical densities of the powder, except for the value of pure Al 2 O 3 , which corresponds well with the value calculated from the SSA. The APS of all powders is o40 nm regardless of the technique used to calculate the value, and remains relatively constant for all compositions studied.
Scanning electron micrographs (SEMs) of all samples provided an understanding of particle morphology. Figure 2 shows SEMs of the 21 and 50 mol% Co samples, which are representative of all other samples. The powders exhibit spherical morphologies throughout and the images suggest relatively narrow particle size distributions. The SEMs show a few particles in the 100-150 nm range and some agglomerates formed via electrostatic interactions. XRD, X-ray diffraction.
Fig. 2.
SEMs showing homogenous spherical morphology and narrow particle distribution.
provide an overview of the general particle population that allows one to conclude that no micron size particles are produced during LF-FSP of these materials.
TEMs are shown in Fig. 3 . These images are, respectively, from the 8 and 87 mol% Co samples. Most of the particles are spherical and well below 80 nm in diameter, with the vast majority o30 nm. Note the change in morphology, which is mostly faceted and spherical for the 8 mol% sample (Fig. 3(a) ), while nearly all particles in the 87 mol% sample (Fig. 3(b) ) appear rhombic. This is attributed to the formation of the highly crystalline spinel phase coincident with increases in Co content. Particle necks, while occasionally visible in the 8 mol% sample, are not a major morphological feature. All samples prepared here consist primarily of soft agglomerates created during dispersion or from the strong electrostatic interactions that particles of this size exhibit. There is no evidence for any microporosity, as expected from the t-plot results and analyses.
XRDs for all samples are presented in Fig. 4 . Figure 5 shows the relevant ICDD cards (CoO: 43- Samples with higher Co contents exhibit powder patterns corresponding to formation of CoAl 2 O 4 spinel. These broad peaks first appear at 21 mol% Co and give way to sharper, better-defined peaks as the correct stoichiometry is reached. Stoichiometric cobalt aluminate shows a phase-pure pattern (ICDD ref.: 44-0160), indicative of the capabilities of LF-FSP. Figure 5 shows the compositions and the phases that are expected to form at these compositions. The formation of off-stoichiometric spinels (21 and 37 mol% samples) is believed to result from the extremely fast quench that these materials undergo in the LF-FSP apparatus. The shifts in the peak positions are indicative of a change in lattice cell parameters; however, in order to determine the exact atom positions in these materials, further studies are required.
In the 87 mol% Co sample, a CoO phase is detected as the excess Co 31 ions have no more sites to replace in the spinel structure. This phase is evident by a shift to higher 2y1(B0.8y1) in the 220 reflection, and the emergence of a shoulder on the 400 reflection of CoAl 2 O 4 and Co 3 O 4 . In the 94 mol% sample, the CoO phase is clearly evidenced by the emergence of the CoO 200 reflection (B421 2y) and the 220 reflection (B621 2y) Fig. 6 . The 94 mol% Co sample consists of a mixture of two phases, spinel CoAl 2 O 4 and cubic CoO, as expected based on the elemental composition and the phase diagram. 42 The pure cobalt oxide XRD corresponds to Co 3 O 4 , which has a spinel structure from the ICDD card. We do not observe the thermodynamically expected cubic CoO because LF-FSP syntheses use O 2 -rich atmospheres. The excess oxygen favors the formation of Co TGA were performed on all as-prepared samples to determine the relative amounts of adsorbed surface species (H 2 O and carbonate species) and thermal behavior. The 87, 94 mol% Co and Co 3 O 4 show no mass loss events below B9001C. At this temperature, these materials exhibit a sharp mass loss event that can be attributed to decomposition from Co 3 O 4 to CoO:
The theoretical mass loss for such a reaction is 6.64%; the observed losses are 6.13, 6.02, and 6.09, respectively, for the 87, 94 mol% Co and Co 3 O 4 . These values are within the error limits of the analysis, given that these samples contain some CoO (see XRD analyses). The Co 3 O 4 end member exhibits the sharpest mass loss event, which is observed to broaden at lower Co contents. One possible explanation is that oxygen is more tightly bound to nanopowders with some CoAl 2 O 4 spinel phase present, although this was not confirmed here.
There is a small mass increase (0.5 wt%) between 2401 and 4501C in the 94 mol% Co sample; we suspect that this increase results from oxidation of some CoO to Co 3 O 4 or cobalt spinel. Such an oxidation might be expected for Co 21 ions substituted for octahedral Co 31 ions in the as-prepared material. These ions occupy traditional ''B'' sites in spinels that require a 3 1 charge to be stoichiometric. The other five samples exhibit typical 1%-4% mass losses (for nanopowders produced via LF-FSP) over the 14001C range. This loss is expected and associated with loss of physi-and chemi-sorbed water resulting from the combustion process and atmosphere due to their relatively high surface areas, although they exhibit far less hydration than microporous powders. 43 The only sample that has a sharp mass loss event is Co 3 O 4 at B2501C; this event can be associated with loss of CO 2 or CO 3 2À . 33 DRIFTS data (discussed below) confirm the presence of organics.
DRIFTS for all samples are presented in Fig. 8 . All spectra above 1200 cm À1 were normalized by taking the highest count in this range of any particular spectrum and normalizing this value to 1; this was done so that a fair comparison can be made among all spectra.
There are two main regions of interest: 4000-2800 and 1100-400 cm
À1
. The first region, expanded in Fig. 9 , reveals a series of overlapping n-OH bands arising from both physi-and chemisorbed water. The higher n-OH vibrations (3700-3200 cm À1 ) are typical of overlapping hydroxyl groups on alumina surfaces. 44, 45 There are no sharp peaks in this region, only broad bands. Furthermore, the nO-H bands fall off with increases in Co content, suggesting that the surface hydroxyls are only associated with the alumina species. With the exception of Co 3 O 4 , no significant organic species are observed as evidenced by the absence of nC-H bands in the 2900-2700 cm À1 region. These bands are associated with a 2% mass loss seen at 42501C in the TGA trace and could be a result of incomplete combustion of the precursor. However, this seems unlikely as they are not normally observed in any other nanopowders prepared previously and may be better explained as resulting from some steam reforming in the flame. But this conclusion remains speculative.
The lower wavenumber region exhibits typical nM-O bands. 47 which emerge clearly in the higher Co content samples. These sharp bands become visible in sample 7:87 mol% Co, and are associated with the high degree of crystallinity of these samples.
IV. Conclusions
LF-FSP offers the opportunity to produce mixed-metal oxide nanopowders with exceptional control of stoichiometry, phase, and phase purity. Here, we demonstrate the use of LF-FSP to produce combinatorially a series of nine powders along the CoO x -Al 2 O 3 tie line with well-defined stoichiometries. The precursors used to synthesize these nanopowders are inexpensive and can be easily prepared.
We find that along the CoO x -Al 2 O 3 tie line, increases in Co content steadily reduce the SSAs by as much as 65% (from 60 to 20 m 2 /g), likely as a consequence of the formation of the cobalt spinel phase. Particle sizes (from XRD data) vary very little; the BET-derived APS values are slightly higher most likely because of miscalculations in the true particle densities. The unexpected SSA increase observed for the end-member cobalt oxide is attributed to the formation of Co 3 O 4 instead of CoO. The most probable explanation for this result is that the excess oxygen used in the LF-FSP process favors formation of Co 31 , which in turn favors the formation of a spinel [Co 1 (II)Co 2 (III)O 4 ] structure. We also detected cobalt aluminate spinel phases that should only be stable at high temperatures, but found they were metastable at lower temperatures. Therefore we can conclude that LF-FSP offers access to kinetic phases rather than the thermodynamic phases accessible by standard processing techniques.
For the most part, TGA and FTIR studies provide results that correspond to typical nanopowders produced via LF-FSP. These materials exhibit typical 1%-4% mass losses over the 14001C range, with only physi-and chemisorbed water as a surface species. Carbonate species, often detected on the surfaces of LF-FSP powders, here Co 3 O 4 , yield mass loss events at B2501C attributed to elimination of CO 2 . The sharp mass loss event of the high cobalt content samples likely results from decomposition of Co 3 O 4 to CoO but is at present only speculation. wavenumber (cm −1 ) Fig. 9 . FTIR spectra of all normalized samples in the 4000-1600 cm À1 region.
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